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The Smith vein, located in the Central City mining dis
trict of the Colorado Front Range mineral belt, is charac
terized by the following six stages of hypogene mineraliza
tion: I-hematite, II- early pyrite, Ill-base-metal,
IV-galena, V-chalcopyrite, and Vl-late pyrite. Gold was
deposited principally during stage III and occurs as inclu
sions within base-metal sulfides. Stage I is probably Pre-
cambrian in age and is unrelated to the later stages.
Measurements on primary fluid inclusions in stage II
quartz show trapping temperatures of 323-345°C, salinities of
2.3-3.7 equivalent wt. % NaCl, and a dissolved CO2 content
of <3 mole %. Primary fluid inclusions in stage III sphal
erite formed at temperatures between 302° and 325°C with
salinities of 6.3 to 8.4 equivalent wt. % NaCl. Planes of
secondary fluid inclusions, which were sealed prior to
liquid-vapor separation, occur in stage II quartz and show
filling temperatures of 281-359°C with a salinity of 6 equi
valent wt. % NaCl. Secondary fluid inclusions in quartz from
quartz-sericite-pyrite alteration enveloping the vein have
trapping temperatures in the ranges of 278-311°C and 320-
357°C, which suggests two events of fracturing and fluid
movement, and have salinities of 3.7 to 5.8 equiv. wt.
Ill
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% NaCl. A +20°C pressure correction was added to all homo-
genization temperatures to obtain trapping temperatures for
the Smith vein.
Mineral stability relationships of ore and gangue
mineralsr combined with results from the fluid inclusion
studies, suggest the mineralizing solutions were fairly
dilute, slightly acid with a pH of 4.6 to 5.1 and had log fOj
values between -32 and -29. Smith vein gold was probably
transported as Au(HS)2f and was deposited as the result of
oxidation which occurred when relatively reduced mineral
izing fluids of magmatic derivation mixed with cooler oxygen-
rich meteoric waters. An alternative means of transport and
deposition is that gold was coprecipitated with the sulfides
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The purpose of this study is to determine mineral para-
genesis in a gold-bearing sphalerite-chalcopyrite-galena
vein, and the physiochemical conditions of mineralization in
the Smith Mine near Blackhawk, Colorado. The objective is to
determine the environment of deposition for the gold within
the overall mineral assemblage, which is of interest from
exploration, mining and milling standpoints.
Location and Access
The Smith Mine is located within the Central City mining
district on the eastern slope of the central Front Range of
Colorado, 24.5 km northwest of Golden and 0.65 km north of
Blackhawk in Gilpin County (Figure 1). Direct access from
Denver is via US-6 and State Highway 119. The Smith Mine
lies within the Blackhawk 7 1/2 minute quadrangle, in the west
half of Section 7, T3S, R72W. The mine portal is at an
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Figure 1. Index map of the Colorado Front Range and Front




The Smith Mine was mapped in detail between June^ 1980,
and January, 1982, while the mine was being developed and
enlarged. All safely accessible areas of the mine were
mapped at 1"=1G*, with some areas mapped at a larger scale.
Rock and ore samples were collected during mapping. No use-
able samples could be obtained from surface exposures of the
Smith vein because of intense weathering.
Over 80 polished slabs of ore and 35 thin sections of
ore, gangue, and alteration minerals were studied to deter
mine the paragenesis. X-ray diffraction methods were used to
characterize the alteration minerals associated with
mineralization. Fluid inclusion studies were carried out on
the S.G.E. Model III fluid inclusion research system at the
Colorado School of Mines to determine the temperature and
salinity of the mineralizing solutions. The system was cali
brated at various temperatures using tempilar organic paints
and organic solutions sealed in capillary tubes. The
description and calibration of this S.G.E. Model III system
were covered by Fahley (1982).
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Previous Work
Many early contributions to the study of the geology and
ore deposits of the Central City district have been made by
Hollister (1867), Fossett (1876; 1880), Rogers (1883), Hall
(1889-1895), Pearce (1890), Rickard (1898), Callbreath
(1899), Collins (1903; 1910), Bastin (1915; 1916), and
Alsdorf (1916).
Bastin and Hill (1917) and Sims, and others (1963)
published comprehensive reports on the geology and ore
deposits of the Central City district. Levering and Goddard
(1950) presented a concise work on the geology and ore
deposits of the Front Range.
Lovering (1929) published an early study on the geologic
history of the Front Range. Information concerning the
Precambrian geology of the Central City area is found in
several sources, among these are: Moench, and others (1962) ,
Tweto and Sims (1963), Sims and Gable (1967), Peterman, and
others (1968), Gable and Sims (1969), Hedge (1969), and
Taylor (1976). Lovering and Goddard (1938), Phair (1952),
and Wells (1960) published works on the Laramide igneous
rocks of the Front Range.
Collins (1930) and Lovering (1930) discuss the localiza
tion of ore in the schists and gneisses of the Colorado Front
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Range mineral belt. An additional source of information on
the economic geology of the Central City district is Levering
(1942). Rice and others (1982b) interrelated the timing of
mineralization and intrusive activity in the area. Budge
(1983) related the chemistry of ore fluids to Laramide intru
sive rocks. Information concerning the uranium deposits of
the district appears in several sources: Bastin (1915;
1916), Leonard (1952), Sims (1956), and Sims and others
(1963).
Tooker (1956; 1963) studied the alteration of wall rocks
along veins in the Central City district. A study of the
geochemistry of sphalerite in the district which included
estimates of the temperature of mineralization based on fluid
inclusion determinations was done by Sims and Barton (1961),
who also published the classic (1962) paper on hypogene
zoning and ore genesis in the Central City district. Rice
and others (1982a) studied fluid inclusions^ hydrogen and
oxygen isotopes in the Central City district.
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DISTRICT GEOLOGY
The Central City district lies within a Precambrian
terrane of generally conformable gneissic units intruded by
granitic plutons and pegmatites (Sims and Gable, 1967). The
oldest rocks of the Colorado Front Range, which are
Proterozoic X (Peterman and others, 1968), crop out in the
core of the range and are flanked by steeply dipping
Paleozoic and Mesozoic sedimentary rocks with locally over
lapping Cenozoic sedimentary and volcanic rocks.
Two major intrusive events occurred during the Precam
brian in the Front Range. The Boulder Creek intrusions, the
first Plutonic event, were emplaced approximately 1670 m.a.
(DePaolo, 1981) in association with regional metamorphism
(Figure 2). The Silver Plume quartz monzonite, the second
major intrusion, was emplaced approximately 1400 m.a.
(DePaolo, 1981) and had no apparent associated regional meta
morphism; it does not crop out in the Central City district.
Hypabyssal late Laramide (Early Tertiary) intrusions,
occurring as small irregular plutons and dikes, are common in
the Central City district (Figure 3). A few ore shoots are
related to the small plutons but the most persistent ore
















































































































Generalized map of the Central City district, showing Tertiary intru
sive rocks. Modified from Sims, 1964.
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leucocratic granodiorite, and quartz monzonite porphyries
are the most abundant rocks of this age (Sims and others*
1963; Rice and others, 1982b).
The major structure in the district is the doubly plung
ing, northeast trending Central City antiform (Taylor, 1976)
shown on Figure 2. Steeply dipping faults are abundant in
the Central City area and contain the majority of ore
deposits in the district. Structure, foliation, and relative
competence of the Precambrian rocks largely controlled move




gneiss are the dominant rocks of the Central City area
(Figure 2). Smith Mine mineralization occurs in the micro-
cline-bearing gneiss. Lenses of calc-silicate gneiss,
cordierite-amphibole gneiss, and amphibolite occur in the
area.
The gneissic rocks referred to as the Idaho Springs
Formation were originally deposited about 1800 m.a. (Ball,
1906; Lovering and Goddard, 1950). All units of the Idaho
Springs formation have been subjected to uppermost amphibo-
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lite fades of metamorphism as is common throughout the
central Front Range (Fyfe and Turner, 1966), with the common
assemblage sillimanite plus potassium feldspar high grade
metamorphism (Winkler, 1979).
Taylor (1976) concluded that the microcline-bearing
gneiss found in the Central City area formed from the meta
morphism of tuffaceous sediments, and rhyodacitic and dacitic
tuffs. The biotite gneisses formed by metamorphism of thinly
interbedded shale and argillaceous sandstone, and the amphi-
bolite from both volcanic and sedimentary units. The
cordierite-amphibole gneiss and calc-silicate gneiss formed
from gray wackes which contained layers of impure limestone,
and possibly some basalt flows and related sediments (Taylor,
1976) .
Hedge (1969), using isotopic data, suggested that only a
short time lapsed between deposition and metamorphism. Based
on these same isotopic data and the progenitor rock types,
Taylor (1976) concluded that the geologic environment was a
subsiding basin into which volcanic flows, tuffs, and sedi
ment containing volcanic debris, were being deposited along
with mud and argillaceous sand. The original stratigraphic





Precambrian intrusive units in the Central City area, in
tentative order from oldest to youngest (Sims and Gable,
1967; Taylor, 1976), are Boulder Creek Granodiorite, Elk
Creek Gabbro, quartz diorite and hornblendite, and biotite-
muscovite quartz monzonite.
The Boulder Creek Granodiorite exposed in the Central
City area consists of a portion of the Boulder Creek
Batholith and satellite bodies. The granodiorite and asso
ciated bodies occur as subconcordant folded sheets and small
plutons, some of which are phacolithic. The composition of
individual bodies ranges from mafic quartz diorite to quartz
monzonite. The Sm-Nd age of the batholith has been measured
as 1670 m.y. (DePaolo, 1981).
The Elk Creek Gabbro forms subconcordant or phacolithic
bodies north of the Blackhawk quadrangle. Its composition
varies from melagabbro to quartz diorite; diorite is the most
common lithologic type. The Elk Creek Gabbro has been par
tially transformed to amphibolite (Taylor and Sims, 1962).
Quartz diorite and hornblendite occur sparsely in the
Central City district, generally as small masses subconcor
dant to the layered gneisses. They include local bodies of
gabbro and granodiorite. Sims and Gable (1967) concluded
that this rock formed by retrograde metamorphism of gabbro.
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Biotite-rauscovite quartz monzonite is considered to be
late syntectonic based on the presence of primary flow
structures, and has a Rb/Sr age of 1700 ± 40 m.y. (Peterman
and others, 1968). In contrast to the older intrusions, it
has a very uniform composition (Sims and Gable, 1967). Age
relations between the two mica quartz monzonite and Boulder
Creek Granodiorite are uncertain (Taylor, 1976).
The three older intrusions show post-crystallization
deformation and are largely recrystallized (Sims and Gable,
1967). Progressive metamorphism produced upper amphibolite
facies mineral assemblages in all but the biotite-muscovite
quartz monzonite. Therefore, it has been concluded that the
gabbro, granodiorite, and quartz diorite with hornblendite
were emplaced synchronously with the major period of deforma
tion (Sims and Gable, 1967).
Tertiary Igneous Rocks
On a regional scale, the Tertiary porphyritic igneous
rocks form a narrow belt, called the Colorado Front Range
mineral belt or porphyry belt, extending from Breckenridge
northeast to Boulder (Figure 1) . Within this belt most of
the economic Laramide age and younger ore deposits of the
Front Range occur. The porphyritic intrusions are thought to
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be the result of a regional magmatic-hydrothermal event which
occurred around 60 m.a. (Rice and others, 1982b).
Many small dikes and irregular porphyritic plutons, less
than 0.8 km in width, intrude the Precambrian basement along
pre-existing planes of weakness in the Precambrian rocks.
Intrusion was largely passive with some local explosive
activity producing breccia pipes. The majority of the dikes
strike northeast, some strike northwest, and a few dikes
strike east (Sims and others, 1963).
Six Tertiary intrusive rock types have been distin
guished in the Central City district (Sims and others, 1963).
From oldest to youngest these are: leucocratic granodiorite
porphyry, alkalic syenite porphyry, quartz monzonite
porphyry, bostonite porphyry, trachytic granite porphyry,
and quartz bostonite porphyry. Both the alkalic syenite and
quartz bostonite porphyries have K-Ar ages of 63 m.y. (Rice
and others, 1982b). Alkalic syenite and trachytic granite
porphyries are rare. Leucocratic granodiorite and quartz
monzonite porphyries occur mainly in the eastern part of the
district, while bostonite porphyries occur primarily in the
western part. These Paleocene (Rice and others, 1982b)
Laramide intrusive rocks are among the most radioactive
igneous rocks in the world (Larsen and Phair, 1954).
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Structure
Precambrian structure had a significant influence on the
distribution of Tertiary intrusions and hence mineraliza
tion* The Colorado mineral belt follows a northeast trending
Precambrian belt of shear zones 16-56 km wide and 400 km long
(Tweto and Sims^ 1963; Warner, 1978). The mineral belt cross
cuts the trend of the Front Range (Figure 1) which was
uplifted along a north-northwest axis during the Late Creta
ceous and Tertiary (Lovering and Goddard, 1950).
Within the Central City district, the Idaho Springs-
Ralston shear zone trends N55E and is characterized by
extreme cataclasis and minor folds that are subparallel to
the shear zone (Figure 4). The shear zone extends along the
southeastern edge of the Blackhawk area. It existed in early
Precambrian time and strongly influenced intrusion of the
Boulder Creek batholith (Tweto and Sims, 1963). Some move
ment has occurred along the shear zone since the batholith
was emplaced, producing a strong secondary foliation in the
granodiorite (Lovering and Goddard, 1950).
Two periods of faulting in the district formed a complex
network of intersecting faults (Figure 4). The first
occurred prior to the emplacement of the Laramide porphyries,
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Figure 4. Map of the Central City district, showing traces
of faults. Adapted from Sims and others, 1963
and Taylor, 1976.
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The age of the older faulting is not known, but was possibly
as early as Precambrian (Sims and others, 1963). These older
faults strike either northwest or north-northwest, and are
quite persistent widely spaced (1.6 km) fractures or zones of
fractures. They dip steeply and typically have displacements
in the range of 10-100 meters.
The younger faults strike east, east-northeast, and
northeast, and are probably the result of east—west regional
compression. They are generally discontinuous with small
displacement and are closely spaced and steeply dipping
(Sims, and others, 1963).
The Central City district is dominated by northeast
trending folds which are mainly open and upright with steeply
dipping axial planes and gently plunging fold axes. The main
fold in the district is the northeast trending Central City
antiform (Taylor, 1976); its axial surface dips about 85°SE.
Economic Geology
Mineral deposits of the Central City district have pro
duced gold, silver, copper, lead, zinc, and uranium. Most of
the mineralization occurs in veins, but a few important
deposits are found in chimney-like brecciated stockwork
zones. Veins occur as open-space fillings in thin, discon-
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tinuous fractures which are part of a regional premineraliza-
tion fault system. Most of the veins strike between east and
N15E, and have dips greater than 60° to the northwest or
southeast. Of the two periods of faulting discussed above,
the younger faults contain most of the mineral deposits.
Ore shoots range from several thousand tons with hori
zontal and vertical dimensions of about one hundred meters,
to small pods of a ton or less. Most ore shoots are tabular
discontinuous lenses along relatively continuous fissures;
common widths are 1/3 to 1 1/2 meters. The longest contin
uously mineralized vein, the California-Mammoth, trends
northeast and is traceable for about 3 km (Sims and others,
1963).
Subsequent to mineralization, faulting brecciated or
displaced many of the veins, usually by less than fifteen
meters. This post-mineralization faulting, although discon
tinuous, facilitated the descent of meteoric waters and
permitted the supergene enrichment.
The largest stockwork in the district, the Patch, is
located about 0.6 km southwest of Central City (Figure 3).
The surficial dimensions of the Patch are 120 m by 230 m with
a vertical extent of 490 m. The size of the pipe does not
decrease with depth, although there is a marked decrease in
mineralization with depth. In general, the zones of maximum
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brecciation are the zones of maximum mineralization. The
Patch is thought to have formed as a volcanic explosion pipe
which accompanied the upward thrust of an underlying magma
body (Sims, and others, 1963).
The age of precious and base-metal mineralization has
been determined directly by K-Ar dating of sericite asso
ciated with mineralization, as 59±1 m.y., and determined
indirectly by dating of pre- and post-ore intrusions as
59±1 m.y. (Rice, and others, 1982b). Uranium mineralization
is essentially contemporaneous at 58±1 m.y. (Holmes, 1947;
Phair, 1979).
History of Mining
Over $100 million worth of ore has been produced in the
Central City district, making it the most important mining
camp in the Front Range mineral belt. Gold represents 85% of
the 1963 dollar value of ore shipped from the district, with
10% from silver, and the remaining 5% from lead, copper, and
zinc. Limited quantities of high grade uranium, estimated at
110,000 lbs of U2O0, have also been produced (Sims and others,
1963).
The first discovery of commercial grade gold in
Colorado, a placer discovery, was made in the winter of 1859
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near the present site of Idaho Springs. The first lode
discovery in the Rocky Mountain area was made in May, 1859
between the present sites of Central City and Blackhawk, in
Gregory Gulch, No silver was discovered in the Idaho Springs
—Central City area until 1877 or 1878, when it was found on
Silver Hill, 1.6 km north of Blackhawk (Lovering and Goddard,
1950).
From 1859 until 1864 rich oxidized ores were mined from
the lode deposits. By 1864 most of the ore being mined was
mixed with sulfides and as a result smelting procedures had
to be developed to separate the gold from its sulfide matrix
(Sims, and others, 1963). The number of mines in operation
in the Central City district has shown an overall decline
since 1910, and, since the late 1930's, production has been
negligible. Although ore has been produced from aproximately
500 mines in the Central City district, only a few are now
working. Significant activity was stimulated by the large
increase in the value of gold in the mid-1970's, but has
decreased with its subsequent fall.
Localization of Ore
The formation of ore depends on a source of mineralizing
fluids and on plumbing. Most of the ore shoots in the veins
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of Central City are found in what were open sections of
fractures. The physical nature and structure of the wall
rock, the amount and direction of fault movement, and irregu
larities along the fractures controlled the type of open
spaces that developed and their volumes. Because of uniform
pre-ore wall rock alteration, chemical controls on mineral
deposition were probably not important (Sims and others,
1963) .
Open space fillings are most common along the faults in
brittle wall rocks and at the intersection of fissures. The
most favorable wall rocks, in order of decreasing favora-
bility, are: microcline gneiss, pegmatite, porphyry, and
biotite gneiss. Often, mineralized fractures that pass from
microcline gneiss into biotite gneiss become barren where
they enter biotite gneiss, which is less competent than the
microcline gneiss and as a result contains less persistent
fractures (Sims and others, 1963). Replacement is only
locally important, primarily where a vein splits into many
fissures as it enters the biotite gneiss. Most of the well-
mineralized veins terminate into successively smaller horse
tail veins at depth and along strike.
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Mineralogy and Paragenesis
Table 1 lists the primary and secondary minerals found
in the Central City district. The most common metallic
minerals are: pyrite, sphalerite, chalcopyrite, tennantite,
and galena. Important minerals, of more limited distribution
are: enargite, pitchblende, gold tellurides, and marcasite.
Paragenesis
Four stages of mineralization have been established for
the Central City district (Figure 5). From oldest to young
est, they are: the uranium stage, the pyrite stage, the
base-metal stage, and the telluride stage (Sims, 1956; Sims
and Barton, 1962; Sims and others, 1963). Uranium minerali
zation is intimately associated with late-stage quartz-
bostonite intrusive rocks (Phair, 1952; Rice and others,
1982b). The telluride stage is only found in the southeast
part of the district and is thought to be a derivative of the
base-metal stage (Bastin and Hill, 1917).
The stages are separated by periods of faulting and brec-
ciation. Faulting was recurrent and caused the formation of
composite veins. Quartz-pyrite veins were faulted and brec-
ciated, and the fragments cemented by base-metal stage



















































































Johannite (Cu(U 02)2(804) r
(OH)2-6HaO
Gypsum CaS04
Table 1. Primary and secondary vein minerals. Central City
district (Sims and others, 1963).
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Figure 5. Generalized paragenesis of Central City veins
From Sims and others, 1963.
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fault movements occurred nearly synchronously throughout the
district between mineralization of the pyrite and base-metal
stages. The uranium stage veins were similarly brecciated by
recurrent fault movement and later cemented by pyrite stage
and/or base-metal stage minerals. Minor fracturing occurred
locally in some of the veins within the stages. The four
stages of mineralization are thought to have been deposited
within 1 m.y. of each other (Rice and others, 1982b) . A
generalized sequence of deposition of the major vein minerals
throughout the district is shown in Figure 5.
Relation of Gold and Silver to Sulfide and Gangue Minerals
The modes of occurrence of gold and silver are not com
pletely known. Some free gold is dispersed through various
minerals as tiny microscopic grains, but most probably occurs
within the structure of the metallic minerals (Sims and
others, 1963). Gold tellurides occur only locally in the
district. Silver occurs locally as silver sulfosalts, but
most probably occurs within the structure of sulfide minerals
(Collins, 1903; Bastin and Hill, 1917; Drake, 1957; Sims and
others, 1963).
Gold exceeding 0.1 oz/ton, is associated with all metal
lic vein minerals, but is more abundant with chalcopyrite and
tennantite than with pyrite, galena, and sphalerite. Quartz
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without metallic mineral inclusions usually has a very low
gold content (Collins, 1903). Silver concentration is
highest in galena and copper minerals; pyrite and sphalerite
generally have low silver contents (Collins, 1903).
Regional Fluid Inclusion Studies
Fluid inclusion homogenization temperatures obtained by
M. Toulmin (Sims and Barton, 1961) using a Richter stage for
eleven samples of sphalerite from the Central City district
are plotted on Figure 6, along with the traces of the hypo-
gene zones of the district. All temperatures are pressure
corrected to a depth of formation of 1.6-3.2 km.
Samples from the central zone were not used by Toulmin
because it does not contain sphalerite. Temperatures were
obtained for seven samples from five localities in the
enargite-bearing intermediate zone; they range from 210° to
310°C. Three samples from the non-enargite-bearing inter
mediate zone yielded homogenization temperatures between 280°
and 320°C. A peripheral zone sample had a homogenization
temperature of 270°C, while a barren zone sample gave homo
genization temperatures ranging from 170° to 230°C.
Rice and others (1982a) studied fluid inclusions in the
Central City district and compared the style of mineraliza















Figure 6. Map of Central City district, showing temperatures of mineralization





homogenization temperatures determined are: 340-420°C for
early quartz-pyrite-molybdenite veins which are COj-rich and
(240-340 C for early quartz-pyrite-molybdenite veins which
are halite-bearing; 220-380®C for 2-phase inclusions in base-
metal Au-Ag veins; 200-280°C for 2-phase inclusions in late
fluorite-bearing veins. Salinities are 34-42 equiv. wt.
% NaCl for all other types. Rice and others (1982a) deter
mined trapping pressures of 1.3-1.8 kb for COj-rich inclusion
in early quartz-pyrite-molybdenum veins.
Alteration
It is not always possible to distinguish between hypo-
gene and supergene alteration in the Central City district.
The accessible areas are either shallow mines or surface
exposures where both types of alteration may be present.
Hypogene Alteration
All wall rocks adjacent to veins are altered to some
degree. Figure 7 shows mineral abundances in alteration
zones 1-4 of Tooker (1963). From the vein outwards, a zone
of hard sericitized (zone 4) rock with disseminated pyrite is
enveloped in a zone of soft argillized rock (zones 2 and 3)
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Figure 7. Generalized distribution and relative abundances
of the most common minerals in fresh and altered
wallrocks of the Central City district (Tooker,
1963) .
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tion envelopes are usually wider than the enclosed vein,
ranging from several centimeters to 5 meters or more.
The width of alteration envelopes is dependent on rock
type, and is essentially independent of the width of base-
metal veins, but does vary directly with the width of the
pyrite veins (Tooker, 1963). The alteration envelopes do not
always show minor deflections in strikes and dips apparent in
the sulfide-bearing veins.
The mineralogical and chemical changes in the host wall
rocks lead Tooker (1963) to suggest that the hydrothermal
solutions responsible for altering the rocks were relatively
dilute, slightly acid, and rich in potassium, carbon dioxide,
and sulfur. Primary uranium minerals are thought to have
been deposited in veins during the late stages of wall rock
alteration (Tooker, 1963).
Supergene Alteration and Enrichment
Gold enrichment occurred in the oxidized zone above all
types of gold veins, whereas silver enrichment is usually
found only above galena-sphalerite veins (Lovering and
Goddard, 1950). Gold enrichment is strongest above certain
galena-sphalerite veins. Supergene enrichment of gold below
the water table is unimportant.
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Generally, in the Central City district, silver content
is lower in oxidized than in unoxidized veins. Most silver
dissolved during oxidation was deposited at or just above the
water table as native silver or sulfosalts. The richest
silver ores are found 30-60 meters below the water table.
Two types of silver enrichment are seen; if the supergene
copper mineral is chalcopyrite, then silver was redeposited
as the sulfosalts proustite, pearcite, and polybasite, but if
the supergene copper minerals are chalcocite, bornite, and
covellite, silver was redeposited as native silver (Sims and
others, 1963).
Zoning
Veins in the district are classified as either pyrite or
galena-sphalerite veins. The average grade of the pyrite
veins is 2.3 oz gold/ton, 6 oz silver/ton, and approximately
4% copper, while the average ore grade of the galena-
sphalerite veins is 0.39 oz gold/ton, 40 oz silver/ton,
19% lead, and 9% zinc (calculated from Sims and others,
1963).
There is a distinct district wide concentric arrangement
of vein ores into four zones which can also be traced south
west into the Idaho Springs, Lawson-Dumont-Fall River,
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Lamartine, and Chicago Creek mining districts. The zones are
elongated to the northeast, and are parallel to major struc
tures of the central Front Range. Figures 8 and 9 show the
geographic distribution of the two types of veins and the
zones.
A  central zone of quartz-bearing pyrite veins is
surrounded by a peripheral zone of galena-sphalerite veins
which have quartz gangue (Sims and Barton, 1962). Between
these two zones is an intermediate zone of transitional veins
which contain pyrite, chalcopyrite, sphalerite, and galena,
along with other copper minerals (Sims and Barton, 1962) . A
barren zone consisting largely of galena with carbonate
gangue surrounds the peripheral zone. In places gold tellur-
ides, pitchblende, enargite, and fluorite occur in signifi
cant quantities, but appear to be local variants of minerali
zation and do not conform to the concentric zonation pattern
(Sims and Barton, 1962).
The intermediate zone transitional veins formed as
pyrite veins and were later re-opened and filled by base-
metal minerals. Most of the productive mines, including the
Smith Mine, are in the intermediate zone.
The four hypogene mineral zones show systematic changes
from the core outward to the barren zone, in gold and silver
contents, metal ratios, character of gangue, and wall rock
Smith MineC
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Figure 8. Map of the Central City district^ showing zoning of mineral deposits
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Figure 9. Zonal distribution of vein-forming minerals (Sims
and others, 1963) .
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alteration. The silver content and the Ag:Au ratio increases
outward from the core. The ratios of Cu:Zn and Cu:Pb
decrease outward^ while Zn:Pb is irregular but generally
decreases outward. Veins which contain greater than 100 oz
Ag/ton are found only at the outer edge of the peripheral
zone (Sims and others^ 1963). Figure 9 shows the zonal dis
tribution of vein-forming minerals.
In the central and intermediate zones, quartz is the
main gangue mineral. This quartz is milky white or light
gray, anhedral, and moderately coarse grained. In places
quartz of the inner zones occurs in vugs as coarse grained,
euhedral crystals. In the peripheral zone, quartz is much
finer grained, chalcedonic, and is either black, gray, or
brown. Some peripheral zone quartz occurs as late encrusta
tions.
Rhombohedral carbonate gangue minerals are rare in the
central and intermediate zones, but are locally abundant in
the peripheral and barren zones. Barite is found only in the
peripheral and barren zones.
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SMITH MINE
The Smith Mine is a small gold-silver-lead mine located
along Colo. Highway 119, immediately north of Blackhawk,
Colorado. The mine is north of Chase Gulch along the Vasa-
Leavitt-Wain-Smith vein system, which, for the sake of
brevity, is referred to below as the Smith vein. There is
little recorded about the early history of the Smith prop
erty, but nearly all the known production has been from the
Smith Lode Mineral Survey 292, the Smith Lode no. 502, and
the Wain no. 502 claims. All three claims were surveyed for
patent in the 1870's and cover approximately 600 meters along
the strike of the main Smith structure (Larry James, written
communication, 1982).
During the 1960's Mr. Marvin Murray and others produced
ore from the Smith vein to depths of 23 meters below the adit
level (Plate 1). In 1971 Mr. Charles N. Moritz leased the
Smith, Wain, and five other patented claims. The Smith Mine
was dewatered and the vein channel sampled to check reports
of ore at the bottom of the old stopes. Favorable assays on
the channel samples prompted the incorporation of Moritz
Mining Co. on 25 January, 1972. The company sank the shaft
vertically to 87 meters below the adit level and drove drifts
and stopes from the shaft northeast and southwest on the
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3-level (40 meter depth) and northeast on the 4-level
(75 meter depth) along the Smith vein. Figure 10 is a cross
section of the vein in the mine. Ore was produced from the
Smith Mine in 1972-74, 1976, and 1980-82, although the exact
tonnages produced are not known.
Geology
The Smith vein occurs in a fault zone in the quartz-
plagioclase-microcline-biotite gneiss. In the mine area, the
gneiss typically contains 27% quartz, 26% plagioclase,
24% microcline, 7% biotite, 6% chlorite, 5% hornblende,
3% opaque minerals (magnetite and pyrite), 1/2% each of
sphene, zircon, and apatite, and traces of epidote, calcite,
and allanite. Pods of granite pegmatite occur locally within
the gneiss.
The Smith Mine is located on the east limb of the
Central City Antiform (Figure 2). Foliation of the gneiss
trends northeast and dips an average of 45° southeast in the
mine (Plate 1).
The Smith vein and its enclosing faults trend N35E to
N45E and dip to the east or west (Plates 1 and 2, and
Figure 10). Recurrent movement probably has occurred since
Precambrian time along the Smith fault zone, which is typical
T-2575 37
Cross Section of Main Shaft
Looking S40W








Figure 10. Cross section of Smith Mine, through the adit,
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of the persistent NE-trending vein-bearing faults in the
district. Movement occurred before, during, and after
mineralization.
Exposed in the adit and 3-w stope are several small
faults and veinlets which trend approximately N60E and dip
75-90°NW. Two of three steeply dipping adit-level fault
zones, 0.3-1 meter wide, trend WNW, while the third zone
trends NW. The NW trending faults are clearly premineraliza-
tion, while the N60E faults and veinlets may have formed
contemporaneous with mineral deposition.
Wallrock Alteration
Wallrock alteration within the Smith Mine is similar to
the general patterns of the Central City district, described
by Tooker (1963) and discussed above (Figure 7). Petro
graphy and x-ray diffraction techniques were used to study
the altered gneiss. The width of the alteration envelope in
the Smith Mine varies from one centimeter to 2/3 meter on
each side of the veins. The sericitized (QSP) zone is narrow
in the Smith Mine, often extending only a centimeter out from
the vein, while the combined zones of strong and weak argil-
lization range in width from a centimeter up to 2/3 of a
meter (Figure 11).
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Figure 11. Altered gneiss, showing both argillic (white) and
sericitic (green) alteration. Dime for scale.
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Closest to the vein is light grayish-green or white,
hard, sericitically altered rock which usually contains
Pyj^ite (Figure 12) . Original gneissic structures and tex
tures are destroyed in this zone. In thin section, the rock
consists of sericite, quartz, K-feldspar, calcite, clays
(smectite), pyrite, muscovite, leucoxene after sphene, and
rutile after magnetite-ilmenite (Figure 13). No biotite,
hornblende, or plagioclase remain in the intensely serici-
tized gneiss. X-ray diffraction patterns show abundant
sericite (illite) with minor smectite, along with quartz and
microcline as major minerals.
Out from the sericitized zone is a strongly argillized
zone which megascopically is white to yellow, soft, retains
most of its original gneissic texture and structure, and
contains white clay, quartz, and microcline (Figure 11). In
thin section, the gneiss consists of sericite, an unidenti
fied white clay, quartz, microcline, and muscovite, along
with biotite and plagioclase which are altered to varying
degrees (Figure 14). Hornblende is absent in the strongly
®rgillized zone and sphene has been replaced by leucoxene.
The relative abundances of clays and micas in the Smith
Mine were crudely estimated from relative X-ray peak intensi
ties. The intensities of the illite peaks were multiplied by
three to obtain a more accurate (Hamilton, 1982, personal
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Figure 12. veinlet in sericitized gneiss. Key for scale.
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Figure 13. Sericitically altered gneiss, showing quartz,
microcline, plagioclase, pyrite, and sericite.
Plane transmitted light. Field of view is
0.69 rom.
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Figure 14. strong argillic alteration of gneiss, showing
plagioclase containing abundant sericite and
kaolinite, along with minor quartz. plane trans-
mitted light. Field of view is 0.69 mm.
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communication) estimate of abundance. Sericite is much more
abundant in the strongly argillized gneiss of the Smith Mine
than either smectite or kaolinite. This is not typical of
argillic alteration from the Central City district previously
reported (see Figure 7) which usually exhibits only minor
illite-sericite and abundant smectite and kaolinite. The
strongly argillized zone (3 on Figure 7) typical in the
Central City district generally has <10% biotite and only
minor plagioclase remaining. In the strongly argillized zone
of the Smith Mine, biotite is often completely altered while
some plagioclase remains fresh. Alteration zones, as defined
by Tooker (1963), are discernable in the Smith Mine using
only the criteria of color and hardness. Assignment of
Tooker's (1963) alteration zones on the basis of sericite,
smectite, and kaolinite abundances is difficult in the mine
due to the predominance of sericite in both the argillic and
sericitic zones, and because of differences in the occur
rences of biotite and plagioclase.
A zone of weak argillization occurs between the strongly
argillized zone and fresh gneiss. The gneiss in this zone is
hard and retains its original textures and structure. Mega-
scopically, the plagioclase grains have a dull luster.
Microscopically, only the hornblende grains have been exten-
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sively altered, biotite is fresh, and the plagioclase is
generally only altered along fractures or cleavages.
Smith Vein Paragenesis
The vein is exposed in the Smith Mine for 120 meters
along strike (N40E) and 80 meters down dip. The true width
of the Smith vein varies from about 1 meter to just a trace,
as the vein package branches, pinches, swells, and becomes
anastomosing (Figure 15). Surface exposures of the vein are
poor, consisting of caved areas that extend into mine work
ings below, and extremely weathered prospect pits, none of
which were safe for sampling or mapping, in the adit-level,
the vein consists largely of limonite and limonite-stained
clay with minor oxidized pyrite. The best exposures of the
vein are in the 3-west stope, 3-west drift, and parts of the
2-level (Plates 1 and 2).
The Smith vein occupies a pre-existing fracture zone and
is the product of multiple stages of mineralization and brec-
ciation. Brecciated ore and gangue minerals are healed along
fractures by younger vein minerals on both a megascopic and
microscopic scale (Figures 16, 17, and 18). Vuggy and banded
ore occurs in unbrecciated areas along the vein (Figure 19) .
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Figure 15. smith vein in the 3-W stope, showing the braided
nature of the vein. Looking up at the back.
Field of view is approximately 2.5 m.
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Figure 16. Brecciated wallrock cemented by vein minerals
(sphalerite, pyrite, and quartz). From 3-W stope.
Approximately to scale.
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Figure 17. Brecciated vein material from 3-W stope. Key for
scale.
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Figure 18. Brecciated pyrite cemented by quartz. Field of
view is 1.04 rom., plane reflected light.
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Figure 19. Banded, unbrecciated vein from 3-W drift. Key for
scale.
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In addition to brecciation, slickensided ore minerals^ are
indicative of post-mineralization movement in many areas.
Metallic minerals typically make up 20-70% of the vein
fillings and include, in approximate order of abundance,
pyrite, sphalerite, chalcopyrite, galena, tennantite-tetra-
hedrite, covellite, gold, specular hematite, bornite, and
chalcocite. The principle gangue mineral is quartz with
minor siderite and manganoan calcite. The relative propor
tions of these gangue and ore minerals vary in different
parts of the vein. Gold occurs in association with, and as
inclusions in, base-metal sulfides and quartz (Figure 20).
Although no silver or silver sulfosalts have been observed in
the polished ore samples, silver has been produced from the
Smith Mine and is thought to occur within the structure of
the sulfide minerals, especially within galena and chalco
pyrite. Collins (1904) found that silver concentrations were
highest in mineral separates of Central City galena and
copper minerals.
The Smith vein is characterized by the following six
stages of hypogene mineralization: I. hematite, II. early
pyrite. III. base-metal, IV. galena, V. chalcopyrite, and
VI. late pyrite. These stages are followed by supergene
mineralization related to weathering. Figure 21 is a
generalized composite paragenetic diagram for the Smith Mine.
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The paragenetic sequence is based on cross-cutting relation
ships and replacement textures observed in polished and thin
sections of Smith vein material.
Stage I
Stage I mineralization, consisting of hematite, pyrite,
and quartz, occurs only in the wallrocks around the Smith
vein, and not in the vein. Hematite occurs with quartz and
pyrite as clots disseminated in the sericitically altered
gneiss or with pyrite in veinlets of white quartz which cut
the gneiss. The hematite occurs as fine to coarse grained,
euhedral to subhedral blades of specularite in association
with medium to fine grained, subhedral to anhedral pyrite,
and massive, white to light-gray quartz (Figure 22). Hema
tite appears to have replaced the gneiss whereas veinlets of
pyrite and quartz cut the hematite.
Stage I may have occurred significantly earlier than
Stage II, which marks the beginning of economic gold mineral
ization. Within the Central City district, specular hematite
is found only near the Blackhawk Fault zone (Figure 4) (Sims
and others, 1963). The fact that hematite is found only near
the Blackhawk Fault zone and never within the Smith vein
suggests that the specularite is related to the Blackhawk
T-2575 55
Figure 22. Hematite blades in gneiss. Field of view is
1.04 rom., plane reflected light.
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Figure 23. Euhedral quartz crystal intergrown with
(both stage II), extending into stage III




Fault zone and not to the gold-mineralizing event which is
paragenetically later than the stage I minerals*
Stage II
Stage II, the early pyrite stage, consists of pyrite and
quartz with minor gold as inclusions in the pyrite. The
pyrite is generally medium grained and anhedral to subhedral,
while the quartz is white or gray, fine to very coarse
grained, subhedral, and locally vuggy with crystals up to
2 cm in length (Figure 23). Stage II minerals occur as dis
seminations in the sericitically altered gneiss, on tiny
fractures in the altered gneiss, or in the Smith vein
(Figure 23). Quartz precipitation appears to have taken
place contemporaneously with pyrite. The pyrite, which is
often heavily fractured, locally replaces microcline and
quartz in the gneiss; all later stage sulfides either replace
or cut early pyrite stage minerals. Stage II preceded a
major period of fracturing, which can be observed in most
polished samples.
Stage III
Stage III mineralization cuts Stage II, filling the
center of the Smith vein (Figure 19) in most areas of the
mine, forming a composite vein. Sphalerite and chalcopyrite
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are the dominant minerals with lesser amounts of pyrite,
tennantite-tetrahedrite, quartz, galena, bornite, gold, and
siderite, in approximate order of abundance. Sphalerite and
chalcopyrite are often massive and intergrown. Sphalerite
occurs as black, medium to fine grained, generally anhedral
grains, while chalcopyrite varies from very fine to very
coarse grained, and anhedral to subhedral. Pyrite is coarse
to fine grained and anhedral. The bulk of stage III mineral
ization occurs within the main Smith vein although sphaler
ite, pyrite, and galena occur along tiny fractures in the
altered wallrock and appear to replace the wallrock.
Chalcopyrite and galena are often contained as inclu
sions within sphalerite grains. Blebs of chalcopyrite are
concentrated along fractures and near grain boundaries within
sphalerite crystals, suggesting either epitaxial growth
during sphalerite precipitation, replacement by precipita
tion from copper-rich fluids after sphalerite deposition, or
redistribution of finely dispersed chalcopyrite during
recrystallization (Craig and Vaughan, 1981). Sphalerite,
which appears to replace stage II quartz and pyrite, usually
cuts chalcopyrite, although it is crosscut by a few white
quartz stringers containing chalcopyrite and tennantite-
tetrahedrite. Sphalerite crystallization rarely post-dates
galena.
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Chalcopyrite in stage III contains minor inclusions of
gold. Tennantite-tetrahedrite usually cuts chalcopyrite but
also occurs as myrmekitic intergrowths with chalcopyrite.
Gold is most common in sphalerite and chalcopyriter occurring
as inclusions.
White, vuggy, euhedral quartz crystals almost exclu
sively pre-date sphalerite and are therefore part of the
stage II assemblage, while veinlets of massive gray and white
quartz always post-date sphalerite precipitation.
Figures 23 and 24 illustrate the occurrences of early and
late quartz. Minor siderite was precipitated late in
stage III.
Stage IV
The base-metal and galena stages (III and IV) could be
grouped together since deposition was continuous between the
two stages. However, there is a gradual change in minera
logy, along with local fracturing and brecciation, allowing
for separation of the two stages. The majority of the gold
was deposited with stage III and IV minerals.
Stage IV consists of galena, pyrite, quartz, chalco
pyrite, and gold, which occur dominantly as coarse grained
masses in the vein, although galena occurs locally with
sphalerite and pyrite as disseminations, which may belong to
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Figure 24. Late quartz cutting stage IV galena and stage III
chalcopyrite, sphalerite, pyrite, and bornite.
Field of view is 1.04 rom., plane reflected light.
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stage IV, in the wallrock. The galena is fine to very coarse
grained, anhedral to subhedral, and contains inclusions of
pyrite and chalcopyrite. Myrmekitic intergrowths of galena
with tennantite-tetrahedrite, and occasionally with chalco
pyrite, occur locally. Galena has locally replaced all
earlier-stage sulfides and stage II quartz (Figure 25), and
frequently filled in around vuggy stage II quartz crystals.
Inclusions of galena occur in stage III sphalerite,
although galena generally post-dates sphalerite. However,
sphalerite occurs as rare inclusions in the galena, suggest
ing minor simultaneous precipitation of galena and sphaler
ite. Chalcopyrite and sphalerite inclusions concentrated
near the edge of galena grains may have resulted from galena
growth which incorporated adjacent sulfides as subrounded
inclusions during recrystallization, or from simultaneous
growth.
A second major episode of fracturing and brecciation
occurred following stage IV. Tectonic movement is indicated
microscopically by strained galena with curved cleavage
planes (Figure 26) and by recrystallized galena, which has a
fine-grained "steely" (Ramdohr, 1976) fabric that, when
etched with hot HBr fumes, shows a 120^ polygonalized
texture. Recrystallization occurred only locally along the
Smith vein, as indicated by the occurrence in some samples of
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Figure 25. Stage IV galena
quartz. Field of
ted light.
embaying euhedral stage II
view is 1.04 mm., plane reflec-
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Figure 26. Strained galena showing curved cleavage planes.
Field of view is 1.04 mm, plane reflected light.
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intergrowths of tennantite-tetrahedrite with galena which
would have been destroyed by recrystallization (Ramdohr,
1976).
Stage V
The chalcopyrite stage, stage V, followed the post-
stage IV period of fracturing and brecciation. The greatest
volume of chalcopyrite was deposited during stage V, along
with minor pyrite, quartz, and gold. The chalcopyrite is
anhedral to subhedral, very fine to very coarse grained, and
often massive. Minor siderite was apparently deposited after
the chalcopyrite of stage V. Tennantite-tetrahedrite does
not appear to be associated with stage V chalcopyrite,
although it does occur with stage III chalcopyrite.
Stage VI
The late pyrite stage, stage VI, is separated from the
chalcopyrite stage by a period of fracturing and brecciation,
and is the final hypogene mineralizing event. During it,
pyrite, quartz, gold, siderite, and manganoan calcite were
deposited. Quartz of stage VI is often gray and very fine
grained. Relative times of mineral deposition within
stage VI are largely unknown. However, siderite clearly pre
dates the late, gray, very fine grained quartz (Figure 27).
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Figure 27. stage II euhedral quartz crystals coated with
peach-colored siderite, and with late dark gray
microcrystalline quartz filling in after both the
siderite and early quartz. Approximately to
scale.
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Pyrite of this stage is coarse to fine grained, euhedral
to subhedral, and always contains inclusions (Figure 28) of
all earlier-formed sulfides, gold, and/or altered gneissic
wallrock. Galena is the most abundant inclusion.
The abundant inclusions in stage VI pyrite are either
the result of coprecipitation of all the sulfides at one
time, or porphyroblastic pyrite growth during annealing which
occur frequently in minerals such as pyrite (Craig and
Vaughan, 1981). Although stage V galena has been locally
recrystallized due to annealing, positive proof that stage VI
pyrite has grown as porphyroblasts during annealing, such as
the inclusions which are oriented with respect to minerals
adjacent to the pyrite, is lacking.
Supergene Mineralization
Supergene mineralization followed the hypogene mineral
ization. Supergene alteration of chalcopyrite locally pro
duced chalcocite and covellite along fractures and grain
boundaries; covellite also cuts galena. Bornite in the Smith
Mine appears to be primary, but is associated with chalco
pyrite and is locally associated with covellite and chalco
cite, suggesting that bornite may be partially, or entirely,
supergene in origin.
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Figure 28. porphyroblastic .stage VI pyrite
inclusions of gold and galena. Field





Fluid inclusions are the best source of information on
the physiochemical characteristics of ore-forming fluids.
Inclusions in ore-stage minerals can yield data concerning
the temperature of ore deposition, density and salinity of
the mineralizing solutions, and pressure on the system at the
time of deposition. Changes in the fluids through time and
space can be documented using fluid inclusions if inclusions
from various paragenetic stages and different areas are
studied.
Samples used in the Smith Mine fluid inclusion study
were collected along the 2- and 3-levels, or in the 3-west
stope (Plates 1 and 2). Adit- and 4-level samples did not
contain material suitable for fluid inclusion studies. Fluid
inclusions suitable for study were found in stage II quartz
(Figure 29), stage III sphalerite (Figure 30) , and quartz of
the sericitically altered gneiss adjacent to the vein.
Quartz from stages I, and III through VI occurs as tiny
stringers and is too fine grained to be used. Approximately
sixty doubly polished plates of vein and altered wallrock
material containing thousands of inclusions were examined in
this study, but only about 200 inclusions yielded usable
information.
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Figure 29. stage II quartz crystal which has growth bands
containing primary fluid inclusions. Field of
view is 1.8 mm, plane transmitted light.
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Figure 30. primary fluid inclusions in stage III sphalerite.
Field of view is 0.58 rom,plane transmitted light.
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Methods
A Model III S.G.E. heating/freezing stage (modified
U.S.G.S. stage of Werre and others, 1979) was used in the
fluid inclusion study. Techniques and equipment used in the
study are discussed in Fahley (1982).
Michael Fahley (1981, written communication) calibrated
and determined the accuracy of the heating/freezing stage
utilized in this study. Accuracy of the heating measurements
is ±1% of the measured value and precision ranges from about
±1°C for inclusions larger than 15 y in quartz, up to ±5°C
for inclusions less than 5 y in quartz, and for all sphaler
ite inclusions, which have high internal reflections making
visibility poor. The majority of the homogenization tempera
tures were reproducible within 2®C. Freezing measurements
were accurate to ±0.7°C and had a precision of ±1°C.
Stretching of the inclusions, due to overheating, was avoided
in this study by heating an individual chip of a polished
plate only once and by heating the chip in increments of 10°C
and examining all the fluid inclusions of interest for any
phase changes before increasing the temperature another 10°C.
The freezing-point depression method of Roedder (1962)
was used to determine salinities of inclusions which did not
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contain dissolved COj# according to the following equation of
Potter and others (1978):
wt. % NaCl = 1.769580-
4.2384 X 10"^ 0^ + 5.2778 X lO"^ 0^ (±0.0028),
where 0 = 0°C - melting temperature in °C.
Salinities of C02-bearing inclusions were estimated accord
ing to the method described by Collins (1979). The presence
of COj invalidates the freezing-point method of Roedder
(1962) while the clathrate decomposition method of Collins'
(1979) can not be used accurately to determine salinity if a
liquid COj phase is not present. Therefore, Collins' (1979)
method could only provide an estimate of salinity in COj-
bearing inclusions from stage II quartz, which lack a sepa
rate CO2 phase.
The limit of optical detection for CO2 as a separate
phase in an H20-NaCl-C02 solution is about 3 mole percent CO2
at 25°C, and an internal pressure of less than 500 bars
(Greenwood and Barnes, 1966). Carbon dioxide, if present
only as a dissolved component (< 3 mole % CO2) in the aqueous
phase, can be detected only by crushing studies (Roedder,
1972; Bodnar and Kuehn, 1982) or by the formation of a carbon
dioxide clathrate compound (CO2 * 5.75 H2O) upon freezing
T-2575 73
(Roedder, 1963; Collins/ 1979), Crushing studies allow
detection of CO2 because the presence of carbon dioxide
increases the internal pressure of the inclusion above the
equilibrium vapor pressure, which is 0.03 bars for a two-
phase salt solution at 25°C (Keenan and others, 1969). In a
crushing test, rock chips are crushed in oil between two
glass slides. If the vapor bubble in the inclusion collapses
when crushed, then P. . , < P ^ , and C0» is
internal atmospheric' ^^2
absent; if the vapor bubble expands, then P. ^
internal
^ ^ atmospheric, presence of gas is established.
In the present study crushing tests were not conclusive.
When Smith vein quartz was crushed in oil, bubbles slowly
evolved out of the opened inclusion, suggesting the presence
of small amounts of gas, probably CO2 (Bodnar and Kuehn,
1982). CO2 was positively identified only by the formation
of CO2 clathrate upon freezing. During cooling of a CO2-
bearing inclusion, a CO2 clathrate compound crystallizes
prior to the freezing of NaCl-H20 ice. During heating of a
solidly frozen inclusion the clathrate compound melts after
the ice, at temperatures greater than 0°C for low to moderate
salinity (up to 16 mass% NaCl; Collins, 1979) fluid
inclusions.
No evidence for boiling was observed. Therefore a
pressure-based temperature correction has to be added to the
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homogenization temperatures to obtain an estimate of true
trapping temperatures.
The pressure correction is determined through a recon
struction of the paleotopography at the time of vein-forma
tion, thereby allowing an estimate of the thickness of over
burden at that time. The Smith vein is thought to have
formed during Paleocene time and presently lies between the
elevations of 2500 and 2410 meters (8200-7900 feet). The
Flattop erosion surface (Levering and Goddard, 1950) may have
prevailed during early Eocene time over the Central City area
at elevations of about 3660 meters (11,800 feet), yielding an
estimate of 1220 meters (3937 feet) of overburden at the time
of mineralization. Assuming purely lithostatic conditions at
a depth of 1220 meters and using an average density of
2.65 gm/cc in the equation P = Kdz, where P = pressure in
bars, d = density in gm/cc, z = depth in cm, and k = 9.12 x
-4 2
10 cm g, a constant relating density and depth to pressure
in bars (Walker, 1979), a pressure of 300 bars or 30 MPa is
calculated. Pressure correction data of Potter (1977) for
solutions with salinities up to 25 wt% NaCl and temperatures
up to 400®C were used to determine the appropriate correction
of +20°C for the Smith vein samples.
It is difficult to determine the pressure being exerted
on the fluids at the time of entrapment, not only because of
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the uncertainty involved in the paleotopographic reconstruc-
tion^ but also because the presence of dissolved gases could
increase the pressure. Another speculative point, whether
the pressure exerted at the time of mineralization was litho-
static, hydrostatic or a combination of the two, makes the
pressure correction uncertain. It is remotely possible that
at a depth of 1220 meters conditions were not at all times
^'^tirely lithostatic; if hydrostatic conditions did exist,
the pressure correction would be less than the 300 bars esti
mated here.
Fluid Inclusions
Heating and freezing studies were made on both primary
and secondary fluid inclusions, although the majority of
measurements were from secondary inclusions. No inclusions
were demonstrated to be pseudo—secondary. The distinguishing
characteristics of primary and secondary inclusions are dis
cussed by Roedder (1979 and 1981}. Secondary inclusions were
used in this study only when all the inclusions forming a
plane homogenized within a 30°C range and had similar liquid
vapor ratios, suggesting that the inclusions were trapped
as individual inclusions prior to the separation of liquid
and vapor phases, and that the plane of secondaries did not
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form as a result of necking down (Roedder^ 1979). The 20°C
pressure correction means that these secondary inclusions had
to have formed within 20°C of the homogenization temperatures
otherwise the vapor phase would have separated prior to for
mation of the inclusion and the inclusions we see now would
not have consistent liquid to vapor ratios or consistent
homogenization temperatures. These secondary inclusions are
considered to have formed shortly after the host mineral,
during cooling, within 20°C of the homogenization tempera
ture.
The average size of Smith vein fluid inclusions is 7y,
with a range of <1 to 45u; most are between 3 and 15m. The
lower size limit for freezing studies is ISy, due to poor
visibility within small inclusions. Only six freezing
measurements were made because of the small size of
inclusions.
Smith vein fluid inclusions have a wide variety of
shapes; elongated, negative crystal, nearly square, sub-
rounded, and irregular (Figures 30 and 31). Most inclusions
are irregularly elongate or subrounded. The secondary fluid
inclusions form planes (Figure 30), while the primary fluid
inclusions occur along growth zones (Figures 29 and 32) .
Sericite occurs in euhedral stage II quartz crystals,
commonly along growth zones associated with primary fluid
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Figure 31. A plane of secondary fluid inclusions in stage II
quartz. Field of view is 0.58 mm, plane trans-
mitted light.
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Figure 32. primary fluid inclusions







inclusions. Sericite in these crystals is often localized
along the same side of different quartz crystals, suggesting
a preferred direction of fluid flow (Figure 33). Unfortu
nately, no oriented samples were taken of this material and
direction of flow could not be determined. Daughter minerals
have not been identified in any of the inclusions.
Classification
Two types of primary and secondary inclusions are recog
nized in the Smith vein;
Type I are simple two-phase inclusions with 5-20% vapor
and salinities of less than 8.5 wt.% NaCl equiv. All Type I
inclusions homogenize to the liquid phase as the vapor bubble
shrinks upon heating. The vast majority of inclusions are
Type I.
Type II inclusions are low salinity (2.3 to 3.7 wt.%
NaCl equiv.) liquid-rich inclusions which homogenize to the
liquid phase. Upon freezing a CO2 clathrate compound
(CO2 • 5.75 H2O) forms in addition to ice, and melts at temp
eratures above 8°C. All Type II inclusions are primary.
These inclusions are characterized by a slightly higher than
average liquid to vapor ratios (= 25%). Five inclusions
visually appeared to be Type II, with a slightly higher than






crystal with inclusions of sericite,
preferred localization of sericite
Crossed nicols, transmitted light. Field
is 3.5 mm.
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freezing studies which allowed positive identification of
carbon dioxide by clathrate formation during cooling.
A separate liquid COj phase is not found, which implies
that there is less than 3 mole% COj. Low internal pressures




112 fluid inclusions, 81 secondary and 31 primary, were
homogenized in quartz of the early pyrite stage. Homogeni-
zation temperatures ranged from 261° to 339°C (Table 2 and
Figure 34), with a mean of 301°c for both primary and secon
dary inclusions.
Type I primary inclusions from 3-level material had
homogenization temperatures ranging from 303° to 325°C, with
a mean of 316°C. Homogenization temperatures of Type I
secondary inclusions from 2- and 3-level samples ranged from
261 to 339°C, with a mean 295°C. There is no significant
difference in fluid inclusion results of the 2- and 3-level
i®3terial. A 20°C pressure correction (discussed above.
Potter, 1977), yields an average trapping temperature of













Primary fluid inclusion (Roedder, 1981)
Secondary fluid inclusion (Roedder, 1981)
Vein quartz from stage II
Vein sphalerite from stage III
Quartz from the sericitically altered gneissic wallrock
Homogenization temperature - the temperature at which all the various
phases present at room temperature homogenize to a single phase. This is
a minimum temperature of formation which, in a non-boiling system, must








Mineral F.I. type Th gange
(no. of readings)
Th ̂ ean Salinity %Vapor
wt. % at 25 C
NaCl
QSP
204A(2) 2 QZ S 258.5-291(30) 272 3.7 10-20
MMC-3WS-
G1(D)
2 QZ S 307-337(9) 323.7 5.8 10-20
MMC-3WS-
G1(F)










Mineral F.I. type Th gange
(no. of readings)
Th mean Salinity %VapQr









3 QZ P 303-325.3(31) 315.5 8.5 ;8.7 10-30
201B(A) 2 QZ S 274-311(12) 285 7-17
2041(B) 2 QZ S 279-310(9) 298.8 5.9 10-15
204-1(0 2 QZ S 314-330(4) 320.7 8-20
204B(3) 2 QZ S 283-298(3) 288 7-17
312d (1) 3 QZ s 304-306(2) 305 15-20
312d(3) 3 QZ s 314-339(2) 326.5 10-20
312e(l) 3 QZ s 261.5-272(2) 266.7 10-20
312e(3) 3 QZ s 297-304(3) 300.7 5-15
MMC-3WS-
1(A)
3 QZ s 280-311(16) 302.7 7-20
MMC-3WS-
le(l)
3 QZ s 296-314(3) 304 10-18
MMC-3WS-
G1(B)
3 QZ s 271-303(27) 286.5 7-15
MMC-3WS-
G1(G)




Stage & Level Mineral F.I. type Th range
Sample No. of C
(Chip) Mine (no. of readings)
Th mean Salinity %Vapor






355(1) 3 SPH P 290(1) 290 8.3 15
355(2) 3 SPH S 286-294(3) 290 6.3 8-15
355(3) 3 SPH P 305(1) 305 10
355(4) 3 SPH P 282-286(2) 284 10-15
355(4) 3 SPH S 263-304(5) 286 7.85 7-15
00
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336 C for primary inclusions and 315*^C for secondary inclu
sions in stage II quartz.
Freezing measurements for stage II quartz yielded a
salinity of 3 equiv. wt.% NaCl with a range of 2.3 to
3.7 equiv. wt.% NaCl for two primary Type II C02-bearing
inclusionsf and 5.9 equiv. wt.% NaCl for one secondary inclu
sion. Carbon dioxide is dissolved in the aqueous phase in at
least some of the primary inclusions of stage II quartz, at
less than 3 mole% COj (Greenwood and Barnes, 1966).
Stage III Sphalerite
Homogenization temperatures for primary and secondary
inclusions in sphalerite ranged from 263 to 305°C and
averaged 289°C (Table 2 and Figure 34). Type I primary fluid
inclusions in sphalerite had homogenization temperatures
between 282° and 305°C with an average of 293°C, while the
Type I secondary inclusions homogenized between 263° and
297°C and averaged 285°C. One freezing measurement was made
on a Type I primary inclusion in sphalerite which yielded a
salinity of 8.3 equiv. wt.% NaCl, while two secondary inclu
sions gave salinities of 6.28 and 7.85 equiv. wt.% NaCl with
a mean of 7.1 equiv. wt.% NaCl. A 20°C pressure correction
yields an average trapping temperature of 313°C for primary
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inclusions and 305°c for secondary inclusions in stage III
sphalerite.
Quartz of Sericitically Altered Gneiss
Type I secondary inclusions in quartz of the sericitized
gneiss had homogenization temperatures between 258° and
337°C, with a mean of 288°c. Inclusions from the 2-level
homogenized between 258° and 291°C, with a mean of 270°C (
Table 2 and Figure 34) , while inclusions from the 3-level had
homogenization temperatures between 300° and 337°C, with a
mean of 315°c (Table 2 and Figure 34) . Salinity determina
tions for quartz of the sericitized zone were 3,7 and
5.8 equiv. wt.% NaCl with an average of 4.75 equiv. wt.%
NaCl. Trapping temperatures based on a 20°C pressure correc
tion for secondary inclusions in quartz of the sericitically
altered gneiss averaged 308°C. Inclusions from the 2-level
had an average trapping temperature of 290°C, while inclu
sions from the 3-level averaged 335°C. This apparent temp
erature gradient is believed to be the result of a nonrandom
choice of secondary planes for study and the distribution of
temperatures is thought to reflect two separate episodes of
fracturing within the vein, based on two distinct populations
of homogenization temperatures.
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GEOCHEMICAL ENVIRONMENT OP ORE DEPOSITION
Mineral stability relationships of ore and gangue
minerals/ combined with results from the fluid inclusion
study, are used to make interpretations concerning the geo
chemistry of ore-forming solutions at the time of ore deposi
tion. A temperature of mineralization of about 300°C, a
salinity of 2.3 to 8.3 equiv. wt. % NaCl, a carbon dioxide
content of less than 3 mole % of the mineralizing fluids, and
the nonboiling physical state of the solutions were estab
lished by the fluid inclusion study. X-ray diffraction and
thin section studies establish a close relationship between
mineralization and sericitic alteration, which allows an
estimation of pH for the altering and mineralizing solutions.
Stability relations among various vein minerals are used to
delineate the fugacity of oxygen (f02) and pH at the time of
mineralization.
Results
Figure 35 is a log fOj-pH diagram for the stage III
assemblage of the Smith vein. The majority of gold occurs in
stage III. Various assumptions were made concerning the

















































Figure 35. Log f02-pH diagram for stage III. Siderite would
plot approximately over the magnetite field. The
stippled area is the stability field for
stage III. Adapted from Romberger, 1982, written
communication.
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Figure 35, these assumptions along with temperature and
salinity constraints determined in the fluid inclusion study
are listed below.
Constraints and Assumptions
300°C - the average trapping temperature for primary
inclusions in stage III sphalerite is 313°.
1.0 m NaCl - equals 5 equiv. wt. % NaCl; salinity of the
primary inclusions of stage III sphalerite is
8 equiv. wt. % NaCl which equals = 1.3 m NaCl.
Estimates of S, K, and Fe are considered to be reasonable
based on geological and geochemical data from various sources
(Barnes, 1979).
0.01 m S - a reasonable assumption for hydrothermal
systems (Barnes, 1979; Fahley, 1981).
1000 ppm K - used instead of the more common assumption
of 100 ppm because the system is related to porphy-
ritic igneous rocks which are relatively potas
sium-rich.
100 ppm Fe - used instead of the more common assumption
of 10 ppm Fe because the Smith vein sphalerite is
relatively iron-rich. The Fe content of Smith vein
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sphalerite is not known but it is black and up to
12 wt. % Fe has been found in sphalerite elsewhere
in the Central City district (Sims and Barton,
1961).
1 ppb Au - used as a rough estimate of the concentration
of gold in solution at the time of ore-deposition.
This estimate is probably high.
The gold concentration was crudely estimated using the fol
lowing assumptions:
1) 750,000 oz. Au were originally present in the dis
trict; based on 738,000 oz. produced between 1904
and 1953, and on the assumption that only a little
gold is left unmined.
2) The mineralizing system is estimated to have
survived for about 200,000 years (based on Ellis,
1979), although the life of the system may have
been 100,000 to 500,000 years.
3) The ore fluids had a flow rate of 1 x 10^ kg/hr,
thought to be a conservative estimate based par
tially on evidence from modern hot spring systems;
Ellis, 1979).




The assemblage bornite + pyrite + chalcopyrite occurs
in several polished slabs of stage III ore. Bornite is
thought to be primary in this occurrence, although this is
not certain. The reaction 5 CuPeSj + 82 = CUgFeS^ + 4 FeSj
is plotted on Figure 35 and tightly fixes the log f02 for the
stage III assemblages chalcopyrite + bornite + pyrite, and
bornite + pyrite without chalcopyrite. Although chalco
pyrite is much more abundant than bornite + pyrite, this
reaction limits the range of log f02 between about -32 and
-29, for the observed pH range.
Sericite (stability field plotted on Figure 35) is the
dominant alteration mineral. It is the alteration mineral,
along with quartz and pyrite, which is most closely asso
ciated with mineralization. Sericite occurs in stage III
quartz along growth zones with primary fluid inclusions
(Figure 33). Stage III mineralization is thought to have
occurred within the sericite stability field, between a pH of
4.6 and 5.1, because there is no evidence of retrograde
alteration to kaolinite adjacent to the vein. The presence
of kaolinite close to the vein, although not adjacent, sug
gests that stage III occurred near the kaolinite field.
Specular hematite, which is only partially replaced by
pyrite, occurs within inches of the Smith vein. This sug-
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gests that the solutions were stable near the boundary be
tween pyrite and hematite stability fields, although the pre
ponderance of pyrite indicates stage III was deposited with
the pyrite field (Figure 35).
Discussion
The solutions which deposited stage III ore are inter
preted to have been slightly acid, with a pH of 4.6 to 5,1
(neutral pH at 300°C is about 5.5), with a log fOj of between
-32 and -29. The stage III assemblage (stippled area on
Figure 35) plots within the field of predominance of gold
bisulfide complex, Au(HS)2 (Weissburg, 1970; Seward, 1973;
Romberger, 1982, written communication), but near the field
of predominance of the gold chloride AuClj (Henley, 1973;
Romberger, 1982, written communication). This suggests that
the Smith gold was probably transported to the site of depo
sition in a bisulfide complex, Au(HS)2. At temperatures
above 300°C AUCI2 an important complex in gold trans
portation, especially in acid solutions (Henley, 1973), and
may have been important in transport and deposition of Smith
vein gold.
Oxidation is an efficient mechanism of rapidly decreas
ing the solubility of gold bisulfide complexes and causing
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precipitation of gold, than change in pH or reduction
(Romberger, 1982, written communication). Figure 35 shows
closely spaced gold solubility contours between about -25 and
-30 log fOj in the sericite stability field. Siderite,
occurring late in stage III (Figure 21), indicates that an
increase in oxygen fugacity took place at the end of the
major gold-depositing event (stage III) in the Smith vein.
The position of siderite on the log f02-pH diagram
(Figure 35) is approximately the same as magnetite
(Romberger, 1982, written communication), although its posi
tion can not be accurately calculated due to a lack of ther-
modynamic date (Romberger, 1984, oral communication). An
influx of oxygenated meteoric waters is thought to have been
the mechanism of oxidation.
The mineralizing fluids became more saline from stage II
to stage III, allowing stage III fluids to carry more gold in
solution than stage II (Seward, 1973). This conclusion is
supported by the abundance of gold in stage III relative to
stage II.
The majority of the mineralizing fluids, the gold, and
the other metals are thought to have been derived from the
early Tertiary magmas (Sims and others, 1963; Rice and
others, 1982a, and b; Budge, 1982). Jenkins (1980) found a
decrease in the gold content of altered Precambrian rocks
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adjacent to the vein in the Jamestown district^ suggesting
that the wallrocks may have been a source of gold. It should
be noted that there are dissimilarities between the style of
mineralization at Jamestown and that at the Smith Mine^
therefore it is not known whether Smith vein wallrocks were a
source of gold or not.
Au solubilities are plotted on Figure 35. The stability
field of the stage III assemblage (stippled area on
Figure 35) covers a wide range of gold solubilities and
therefore is not very useful to this discussion. One point
can be made concerning the 100 ppb Au solubility field which
overlaps the bornite + pyrite stability field in the area
where sericite is stable. The calculated concentration of
gold in solution at the time of deposition is estimated above
as 1 ppb, considerably under the 100 ppb saturation level for
gold in the stippled area on Figure 35. This suggests, if one
can believe the assumptions leading to the 1 ppb Au concen
tration estimate that at least while both bornite and pyrite
were being precipitated, the ore fluids were not saturated
with Au. An alternative means of deposition is coprecipita-
tion of gold which has been adsorbed by other sulfides, from
a solution undersaturated with respect to gold (Romberger,
1984). During subsequent hydrothermal events and recrystal—
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lizatioiif the gold would be released from the pyrite and
would be seen as inclusions in the pyrite.
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SUMMARY AND CONCLUSIONS
Laramide igneous activity began approximately 63 m.a.
in the Central City district and lasted for about 5 m.y.
Felsic porphyritic rocks intruded 1800 m.y. Precambrian
metamorphic rocks and 1670 m.y. igneous rocks. Hydrothermal
activity developed in association with the Laramide igneous
activity about 59 m.a. (Rice and others, 1981b), producing
alteration and base- and precious-metal mineralization along
a reactivated NE-trending Precambrian shear zone. The hydro-
thermal system is thought to have been relatively short-lived
(=1 m.y.; Rice and others, 1981b) and to have produced the
Smith vein and its envelope of sericitic-argillic alteration.
Six stages of hypogene mineralization have been identi
fied in the Smith vein. Stage I hematite is related to
recurrent movement along a shear zone formed during Precam
brian time, and is unrelated to the early Tertiary, Laramide
igneous and hydrothermal activity. Five stages of hypogene
mineralization are related to the early Tertiary igneous
activity; they are: Il-early pyrite, Ill-base-metal,
IV-galena, V-chalcopyrite, Vl-late pyrite. Stages II and IV
were followed by major periods of fracturing, while anneal-
ing, with local recrystallization of galena, occurred after
stage V.
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The majority of gold was deposited during stage III,
while lesser amounts of gold occur in stage II and IV
minerals. Only traces of gold occur in minerals of stages V
and VI. Gold occurs in association with and as inclusions in
all base-metal sulfides and quartz.
Heating studies of primary fluid inclusions indicate
that stage II quartz was deposited between 323° and 345°C and
stage III sphalerite was deposited between 302° and 325°C.
Fluid inclusion freezing studies yield salinities of 2.3-
3.7 equiv. wt. % NaCl for primary stage II quartz inclusions
and 8.3 equiv. wt. % NaCl for primary inclusions in stage III
sphalerite. Primary inclusions in stage II quartz contain
<3 mole % CO2 dissolved in the aqueous phase.
Secondary inclusions in stage II quartz, were trapped at
temperatures between 281° and 359°C and have salinities of
5.9 equiv. wt. % NaCl. Stage III sphalerite contains secon
dary inclusions which have trapping temperatures of 283° to
317°C and salinities of 6.3 to 7.8 equiv. wt. % NaCl.
Secondary inclusions from quartz of the sericitized altered
gneiss adjacent to the vein have salinities of 3.7 to
5.8 equiv. wt. % NaCl.
Mineral stability relations and results of the fluid
inclusion study establish the physicochemical conditions
under which gold was deposited in the Smith vein. Stage III
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minerals were deposited at temperatures of 302-325°C from a
fluid with a salinity of 8.3 equiv. wt. % NaCl, which had a
pH of 4.6 to 5.1 and a log fOj of -29 to -32.
Gold was probably transported in solution by the gold
bisulfide complex Au(HS)2* The mineralizing fluids became
more saline from stage II to stage III, allowing the
stage III solutions to carry more gold than those of stage II
(Seward, 1973) . The majority of the mineralizing fluids, the
gold, and the other metals are all believed to have origi
nated in the early Tertiary magmas, although Jenkins (1980)
found a decrease in the gold content of altered Precambrian
metamorphic rocks adjacent to a vein in the Jamestown district.
Deposition of gold, and therefore the other minerals of
stage III, was probably due to oxidation produced by an
influx of oxygenated meteoric waters that mixed with the
magmatic-derived ore fluids. The presence of siderite late
in the stage III paragenesis indicates an increase in
log f02, permitting oxidation as a means of deposition.
Mixing of these two fluids would have caused an increase in
log f02f a decrease in a^^^-, a decrease in temperature, and
possibly an increase in pH. Of all of these changes oxida
tion was probably the most effective means of decreasing the
stability of gold bisulfide in the system and precipitating
gold.
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An alternative is the gold was transported by adsorption
with various sulfide minerals and coprecipated with these
sulfides as a result of oxidation. Gold was later released
from the sulfides during recrystallization, and is now seen
as inclusions within the sulfide minerals.
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